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Hequisite to the interp_-etatign of satellite and rocket photos

are ans;;ers to such questions as, what was the position of the camera i

in latitude, longitude and altitude at the time of'the exposure? What

direction was the camera polluting? How may the location of points of i

interest in the photo be determined, and what are the effects of relief

displacement and atmospheric refraction on the position of the images?

These and other questions pertinent to the interpretation of hyper-

.
altitude photos are treated in this report. The analysis of the

information content of existing hxperaltitude photos will constitute _:

later reports under this contract.

Problems that involve the orbit and attitude of a satellite,

and the relative position of a _atelllte and the Sun_ fall in the

realm of astrodynamlcs. Accordingly, the notation and style of

analysis of these problems presented here are consistent with the

practices of this branch o,fscience. On the other hand, problems

_zhioh involve the measurement of photos are treated in the traditions

oi"conventional photogTanm,etry. The sections of this report that deal

with photograp_ic measurements are designed _o _rn sh the interpreter

_ith basic photogrammetric tools requi_-ed for the reduction of infor-

mation contained in hyperaltitude photos. This study follows the

* As used in this report, h_ __raltitude means greater than 50 kin.

]
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premise that hypera]titude photography will be useful in the early

stag_s of the exploration of planetary surfaces, in that it _iI

furnish information about the composition, texture and stmlcture of

the surfaces. Therefore, this work deals mainly with photo interpre-

tation rather than car+_ography, and high precision in measurement is

not a principal requirement. Errors of a few percent are allowable.

For example, the curvature of the surface being photographee_ is con-

sidered inthe photogrammetric calculations, whereas the planetary

flattening is not. When appropriate,_ _ough approximations, as well

as mo_'e _ccurate photogra_etric methods, az-ediscussed.

The project mar,ager and principal inves1_igator is Dr. Paul M.

Nerlfield. The astrodynamics aspects were analysed by My. Pedro

Escobal and _&-. Joseph Ball. Contributions regarding att__tud.esensing

problems were m_e by Dr. Robert Roberson, and the treatment of atmes-

pherlc refract._on is largely the work of Dr. Kurt Forster. Mr. James

....... °"'_M_.ssRammelkamp aided in analysing the photogram_etr_c _I _-_, ....

Annette Vez'ne1"was responsible for the programu_ng.

LOCKHEED
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II-_ : GENEPAL _k_RKS

The astrodynamicsl phase of this study can be broken down into

three separate and independent analyses with a detailed soluticn

appearing as part of the analyses. The three astre]:_mical problems

are as follows :

i. Given the orbital elements of a photographing satel-

lite, find the snbsatellite point in t_rms of thF.

geographic east longitude _IE), the geodetic _tltude

(_), an(I the 8_._[_ .,..',__'_'_,Supplemerr_n_j to thi_

proble's is the c.?ntinuous _nerablon 3f tJ_e grgm_md

trace c_fa satellite 8bout an obie._._%_l_t.

2. Given and @, find the orblta] :_c:ments_ order
[

that th_ satellite will fly over 8 •_tlcular ground

station _t 6:given time, for ex_/ _ between i000 and

3. Given a set of'orb)[aJ e[e_,_.::t_,find the time inter- 9

t

val of camera operation that achi.¢:vecopulm_m light-

Ing, either for a partlcu]ar g_-ound station or V

regar4tess of the area photograpi,cd.
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ll-B: SOBSATELLITE POI/rfAND ALTITUDE

The general outline for finding the subsa_ellite points of a

satellite in an orbit is to _ake the given set oe orbital parameters

a, e, i, _I, 9, and T, which completely describe the orbit, and.generate

the position of the sate]_lite at a s_ecified time t, which in this

case is tilee_osure t_..ne. After the satellite position is found, the

next step is to transform these subsatellite positions into the geo-

graphic east longitude, geodetic latitude and altitude cooydingte i

system.

Proceeding to calculate the subsatellite points, let

a, e, T, i, _;

be the given orbital parameters where

Da = seml-major axis of "nbit,

A
e = orbital eccentricity,

A
i = orbital inclination with respect to tl_ Earth's ---=

equatorial plane,

=A longitude of the ascend Lug node,

A
= argument of perigee, and

T A time of perifocal pg_ssagc.

._i I_ should be noticed that the values of the given elements

should always be weil defined. If for a particular reason they are

;4

LOGKHEED
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notj e.g., i = O, then Q becomes indeterminate and cannot be used

to describe the orbit. There are other elements that are well defined

throughout all of three space, but are not discussed here,

The orientation vectors P and Q are calculated first

(See Figure 2.i) :

P = cos w cos_ - sin w sin £ cos i
x

P = cos w slh£ + sin w cos £ cos i
Y

P = sin w sin i

: Q = -sin '_ cos _ - cos • sin _ cos i
X

C q

. Q = -sin w sin£ + cos w cos £ cos i

;"_ _ _" " "- -Qz = cos w -sin i _ _"

t

- : Next we. define _elatlonships that are needed to express r as a ._

" _ function of known quantit es where-we are considering only ell ical
;:' _ orbits, inwhich case _he mean motiofi; n,_ is givenby

: . n = s o 2. _.
-- ,_ '-." _..,,

_j

': " " " gr_ ll;atlnal n ,"- - -- av o co stant -.; ". _ k = ;

, - - : " ; ., _ = .mass of central body plus mass of satellite , .

. and. ""
_ v

- " ' > M = n(t -T) °(2 3)

. 7

'-.:"- ,0:"'i ; ';The"Indeterminate elements should tlienbe set by defini_ion, e.g.,

1966002881-011
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with

M = mean anomaly l

t = time of photogTaph_c exposure in conventional

terrestrial units (e.g., hours, minutes, and

seconds).

Also

M = E - e sin E,----_-E (2.4)

where E is the eccentric anomaly.

and

x = a(cos E - e) (2.5)

% = a_ -e2 sinE (2.6)

: where xm and Yw are defined in Figure 2.2.

We cannow define _ and _ in terms of known quantities,

r-- %_P + X__Q (2.7) -.
[

in which r is the position vectc:" in the geocentric equatorial

coordinate system _--

r = (z"_)2 _ - (2.8)

= "v__ sin E (2.9)
_ r

* The symbol - means "yields".

LOCKHEED

9

.....3..... ;: ........ - ........

1966002881-013



LR 17h91
Page i0

[

9

SATELLITE

• LOOKHmrlED
" CALIFORNIA

v

* | m m i : -- i ill / /mlimimm ....

1966002881-014



17491

Page ii

in which _ is the velocity vector in the same geocentric equatorial

coordinate system.

Since the coordinates of the subsatellite points are in the

geocentric equatorial coordinate system, they must be transformed

into the geographic coordinate system (I and _). This transformation

is accomplished as follows:

Symbolically, the transformation is written as

!

x, y, z, t---_9 s , _s' kE' Hs

where

"Ps'' = geocentric latitide subvehicle point,

_s = E_odetic latitude sub_ehicle point,

1E = East longitude measured counterclockwise from

the foot of Greenwlchmeridlan, and

H = normal altitude of vehicle above reference
S

ellipsoid.

We calculate the radius, r, from

L.OCKH_IrO

1966002881-015
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and the right ascension, _, from

tan-I (_\j O° z_ g 360° (2.13)Cl

\ /X

(examination of the sign of x and y allows quadrant definition).

The east longitude, kE, can be written as

= - [ +_(t-t o) - _] (2.14))_E 360° 8g

0° < kE _ 360°

where n is the sidereal time of Greenwich. Finally, the decllna-
g

tion, 6, is obtained from

[ ,-]6 = tan"I . -90°_ 6 _ + 90°. (2.15)

+2

At this point, unless f (the flattening) is z_ro, one assumes that

' = 6 and continues calculating as foll_s:

: __ i- (2f-f2) (2.16)

where r is the geocentric distance of the station,C

•% = tan °1 tan ' (2.17)i I - f)2 %

_90° _ _s_ 90°

1966002881-016
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Hs = _2 - rc2 sin2(_s _ _s' ) - rc c°S(_s - _s' ) (2.18)

'= sin(% - % (2.19)

Next one recalculates

! !

% = 6 .A% (2.20)

!

and returns to Eq. (2.16), repeating this loop until _s is within

the desired tolerance.

The ground trace can now be generated from a further exten_.ion

of the previous procedure by repeating the cycle from Eq. (2.3) to

.
Eq. (2-20) with t or E as the independent variable.

If the satellite has been in orbit arot 1 the Earth at least
O

one revolution and secular correction owing to oblateness of the Earth

needs to be included, the orbital elements are corrected and the

ground trace generated as follows:

e

At = t - T (2.21)
S

where t is the start time. The anomalistic period, P, is given byS

/ "- "k

(2.22)

The starting revolution number (N) can be computedby

* 'Fne grotu_d trace problem appears al_o in Reference No. 3.

LOCKHEED
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C joN = I_F Csee footnote) ) (2.23)

E-_ sine : M = MSuF<_ 1440At, 360°) ---_ (2.24)
(see footnote)

%7_eorb,'tal elements _ and _ are updated by

WN _ + _ J2 (i__2)'/ k_/_-- a-3/2 (& - 5 sin2i)NP (2.25)

LaoV

One computes and saves

Px = cos wN COS_N - sin wN sin_N cos i

P = cos sin _N +Y wN sin _N cos _N cos i

" Pz = sin wN sin i

(2.28)
Qx = -sin wN cos_N - cos wN sin_N cos 1

-_ Qy = -sin _N sin_N + cos wN cos _N cos i

Qz = cos _Nsin i

, x -- a(cos_.-e) (2._)
3, W

_ •e_i y.. a - sln_ (s.3o)

/ * I_F and M_DF are the standard FORTRAN f_nctlo_8, Inte_z Pmlct_on
I-OCXHEED and Mode Funbtion.

_ , _ ...... 2,.................

1966002881-018
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P +
x = xw x )_ Qx (2.31)

Y = xw Py + Y,jjQy (2.32)

P + Qz (2.33)z = xw z Yw

r = a(l- e cosE) (2.34)

-- / 1 \ (E - e sin E)

t : _--_-) (2.35)a "3/2 + M'

Y

sin _ = (2.36)
2

Vx +y

0° _ _ _ 360°
X

cos_ = (2.37)
2

/x +y

x_:' = o_- eg- _t (2.38)

where t is the total number of minutes miapsed since the year, month,

and day of t andS' 't

XE = MSDF(XE"360°) O° _ )'E< 3600 ' (2.39) _:

which is the east longi_ude of the ground trace. If the flattening

f = O, then one sets %o= 6 and proceeds to Eq. (2.44); if f _ O,

as a trial, one sets _s' = 6 and continues calculating with

rC = ae )cos2_0 s (2.40)

LOCKHE_-D
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:_s = tan'l 1 - f)2 tan _s' (2.41)

.90° _ % < 90°

Hs r2 2 l= - rc " _s a . rc cos - _s' ) (2._2)

' [Hs sin(% _ (2.43) _
A_s = sin'l "_- - _s'

-90° _ A_ '_ 90°
"S

Next one recalculates

!

% = 6 - ms'

and returns to Eq. (2.40). This loop is repeated until _s' no longer

varies. The process at the same time yields the geodetic ground trace

latitude.

One checks to see if

$
v = t - t > o (2._)

;; sp

where tsp is the "stop time." If V > O, the machine program •

._ "exits"; if not, it checks to see if E = 360° - ¢ (where ¢ is Just
,&

_: to indicate that _ is equal to the period and not 0 ). If E = :

_. 360- ¢ ._it col_utes

' LOGKHEI[D _
¢*" LIFOmNIA

mi_'nm / n in / mira, In_ li mmmllm mall mill /m m roll nl r •m

1966002881-020
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( ae '_2/ )a(1 [ e2)/ ,, cos i t (2.46)k

_.ndrecalculates P and _Q from Eq. (2.28). If E _ 360°, it

increments E by

E = E+AE

and returns to Eq. (2.29).

Once hE and _ are determlned_ they can be plotted on a

map to obtain the corresponding ground trace of a satellite in orbit.

_J

i

t.OCKHmtO i _
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Ii-C : STATION FLY-OVER

%qm solution to problem 2, given k and _ of a ground
m

station to be photographed, determines the orbital elements i- order

that the _atellite will fly over a particular ground station at a

given time where, for example: the time is between i000 and 1400

local sideral time.

The criterion for solving this problem is stated as fo!l_s:

a satellite i_ said to have overflown the target whe:e the t-rg_t is I

defined as the specified ground station at some t_ne t, if the magnl-

rude of the normal from the orbit plane that intersects the station is >

identically zero. "_

Frc_,1the previous criterion, it is possible to proceed a

follows. Introduce the right handed set of unit vectors __,_Q and

_' into _he :.'i_tascen_ion-declinatlon coordJnate system such thmt ,:
mE"

and Q define the orientation plane nf the desired orbit plane. , ,

_P is taken in t_ perifocal direction, and Q is adv_ced by a right

angle to P in the directiou of motion; W is taken normal to the

orbit plane.

Examination of Figure 2.3 permits the foilc:dng vector

equation to be written.

R �@�=0 (2.a7)

j .... - - .

* Appea,'s also £n Reference No. 2.

_OCKNI[I[D
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';_ Origin of T , /
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[

?

• t

r r

Figure 2.3--

,_Orbit Geom_t-_/ i_

C
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where

E = a vector from t_._especified target station to the

dynamical ceuter :

T = a vector normal to the orbit plane that terminates

at target station;

A = a vector from the dynamical center to the origin

T in the unknown orbit plane.

By dotting Eq. (2.4'T)wlth W it is possible to writeo--

w.R+W.A +W.T = 0 (2.48)

but
2

_ _'A = o (2.49)

since W is perpendicular to A and
i

w.T = T (2.50)

B

where W is a unit vector parallel to T and the angle between W

and T is zero. Therefore, Eq. (2.48) states that__ 2

T = - w.n . (2.51)

-?

Before evaluating-Eq. (2,51), aslight dim'ession into the station

,_ coordinates of the target station is required. In terms of the geo- '_

•_i detlc l_tit_,de _ and the local sidereal time _, where

_. .LOCKHEED -_
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0 = 0 + .004,375,269,50(t - t ) + kEg o

(t - to) = the solar time in minutes since the epoch,

the components of the station radius vector R for an oblate spheriod

are given by

X = - G1 cos _0 cL_s@

Y = - G1 cos _ sin 8 (2,52)

Z = - G2 sin_0

where

A ae A
G1 = +H = C+H

_- (2f-f2)sin2_

a (1- f)2
A e

G2 = +H A S+H

- (2f- f2)sin2_

and •

a = equatorial radius Of planet, i

f = flattening of adopted ellipsoid, ,_

H =' station elevation above and measured normal to the

surface of the adopted ellipsoid, and '_

0 = local sidereal time.

Therefore; by evaluating the .ot product defined by Eq. (2.51), it is

possible to express the constraining equation as

L.OCKHHEI_
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T : - (W X + W Y + W Z) (2._3)
x y z

or more exactly as

T = GIW cos_cose +GlW cos_sine + %W sin_X y Z •

(2.54)

Equation (2.54) is the sought for constraint.

Solution of the Constraining Equa_tio___nn

It is obvious that if T is set equal to zero, a relationship

will exist between xW' Wy, and Wz such that the station or target

will be in the plane of the orbit. Furthermore, the components of the

W _ector are related by means of

W 2 + W 2 + W 2 = i . (2._5)
x y z

_; Hence, simultaneous solution of Eqs. (2.54) and (2.55) with T set

: equal to zero will solve the orientation part of the fly-over problem.

;_ l{owever_ for most applications, i.e., photogrammetry, etc. it will

:_ also be beneficial to make the rate of change the scalar T (theC

S
_'_ normal to the orbit plane) with respect to 8 (the sidereal ti=e) at

"_ the fly-over point zero. Naturally) this will result in a better
e;

LOCt_HIrED
c,lt i_oR_,_A .

-lrl " I
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photograph of the target site. Therefore, from Eq. (2.54)

dT

de _ - G1 W cos _ sin 8 + G1 W cos _ cos 8 (2.56)x y

and _

aar '
ae2 _.- _a-Wxcos_ cose - _a"Wyoos_ cose (2.56)

So that frcm Eq. (2.56) setting dT/d0 = O,

-W sin e + w cos 8 : o (2.58)
x y

O _

W

tan 8 = -_YW ' (2.59)
X

* Evidently there is a conflict between a speed constraint, i.e.,
slowestspeed over the station and a helgnt constraint. Therefore,
if the speed of the satellite is decreased, the height will be in-
creased. These are dynamical constraints and will not be discussed

at this point, in passing, it is well to note that there are an
infinite number of orbits with T = O.

m

However, it certainly appears feasible to have the normal component i
(dT/d8) of station velocity equal to zero by proper choice of
elements. Furthermore, since

R2 = A2 + T2

or by differentiation,

A +T dT
de - 0

a value of dT/d8 = 0 implies that dA/d8 is zero (the radial
rate). Therefore_ the velocity vectors of the satellite and
station will be co-plan_r. In effect the satellite will then be
I! '!

panning the scene.

LOGKHEED
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It _,_st be remembered that W and W must be chosen such that
x y

2

T -% _o__lw_o_0 �w_n_i >o (2._) -
dO_ = _-x y

in order to insure a minimum value for the magnitude of T as the

fly-over point.

Substituting Eqs. (2,55) and (2.59) into Eq. (9.5h) results in

%Wx cos _ cos 9 + %Wx cos @ tan 8 sin 8 +

% sin_[l- W2- Wetan%] ½- =Ox x (2.61)

or

' • a2 _in_ I- : o . "(2.62)
COS 0

_ By transposing, squaring both sides_ and collecting terms, the WX

component of the W vector is therefore found to be

% sin 0
W = • _ _

COS

x G {2_)._.6_.
0

with

a 2 2 _12_ + cos2_ (2.64)._ o = % %2

7 Then from Eq. (2.59)

" G2 sin _ sin 8

. y G

._ -

?'2

LOCKHEED
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?ina]12 £q. (2.55) yields

_o ? - %2 sin2qw = (2.66)
Z G "

0

In order to insure a minimum value for the magnitude of T it is

possible to show that _ and W take the lower sig_s if a station
x y

is above the equator and the upper signs if a station is below the

equator. This can be seen by substitution of Eqs. (2.63) and (2.65)

into Eq. (2.60). v nce

dO2 - 2 GO sin 2_ ± cos20 • si28__ , (2.67)

so that if _@> Oj taking the lower sign

i 5%
dO2 - 2 G sin 2%0> 0 ,o

and likewise if _'__ O, taking the upper sign

d2'f i %% Sin 2¢p > 0 .
de2 " 2 GO

_e sign of W is taken as desired, since both retrogTade (W < 0)Z Z
W

and direct orbits (W > O) can be used to solve the fly-over problem.z

* A retrograde orbit wl]l destroy the 'palming' effect discussed
in footnote on page 23.

LOGKHEED
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-.quations (2.63), (2.65)_ and (2.66) can be conveniently

rewritten as

Wx -- -'__ _G2 sin _ cos !-0_,e + O(t - te) ]
0

7

W = ± _2 sin sin Fe + _(t- t )] (2.68) J"y _ :# k e e0

z : + 71 --v#G2_ G22 singq '
W

O

which_ as slmll be presently shown, in effect completely solves the

orientation problem with due regard for the sign of each quantity as

indicated previously; and wh_re

t = desired station universal fly-over time,

t = station universal time at epoch,e

= sidereal rate of change = constant, and

8 = station sidereal time at epoch.
e

The _mit vector W ris related to the classical orientation

angles by means of

W = sin[2 Sin i O < _2< 2N
X

W = -cos_ sin i 0 _ i _ n (2.69)
Y _.

'd = cos i
Z

J

so that

!!_ LOCKHEED
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sin i = + _i - Wz2
-----_ i

cos i = W
Z

w (a.ro)
x

sin Q -
sin i

W

cos _t = - ---/-
sin i

This _1ot _I"'determines _ _ "_"_ _" '" "__,,c_n_.,ion and _, the_ .... j _, ,,,,c orb

longitude of the ascending node. From the analysis, it is evident

that only these two angles are needed to solve the fly-over problem.

Therefore w_ the ar_iment of perigee, which is the third orientation

element of the classical set

i,_, '_

can be picked az desired. Having picked w, it is possible to calcul-

ate the vectors P and Q, where Q is a unit vector advanced to P by
.

a right angle in the plane of motion as follows:

P = cos m cos_ - sin w sin_ cos i
x

P = cos w sin_ + sin w cos _ cos i
Y

P = sin w sin i

z (2.71)
Q = -sin _ cos_ - cos w sin _ cos i
X

Q = -sin _ sin_ + cos w cos _ cos i

Q = cos w sin i . L
Z

* Advantage can be taken by choosing w = 0 because the calculation of
P simplifles greatly. Q can always be obtained from Q = w x P.
These vectors are calculated here because they will be used in the
next section.

L.OOKHEEO
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The Dimensional Elements

in the previo_Js section the orientation elements i, I%,and

hate been determined such tbnt the station or target is in the

plane of the o:-b;t at the desire,d time t. The dimensional elements

i.e.,
I,

rn

a, e, _p

whe _'_

a = semimaJor axis

e = orbital eccentricity

Tp = time of perifocal passage

are still undetermined. Actually no explicit relationship is imposed

upon these elements in the orientation solution cf the fly-over

problem. Howeve- , a uset_ll extension to the fly-over problem is of

course the condition that the satellite, which is now In a predeter-

mined plane, ,.-hallbe directly over the station at a specified time

.
and at a zpeclfted alt_tvde H .r

To be more specific, if the altitude ,_f the satellite (above

and measured normal to the surface of the adopted elllpsoJd) is a

given con_t:-alnt, which is to be in effect at time t, it is possible

_" to compute the magnitude of the radh_s vector at t by

,._: 2 2 (2.72)- .). = + l! + _r H cos( - ') ,
<_ S C S

_ * The s_'b;.;cJ'il)_s refert, to subv_hiclc pc,int.

< LOCKHEED
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where the geocentric latitude ,_' of the station is obtained as a

i_nction of tileflattening f by

-1[( 2tan -I _,)0 o % .,o ( 73)_ ' = tan I - f) _J _ ' < ._,_ 2.

and the distance from the d'maJnical_center to the ellipsoid, rc, is

given by

2 l- <2f
r = (2.7 h )
c i (2f f2 _ ,_ _ )cos_%

m.

llence, g.iven H , it is certsinly poz :ible to compute thes

magnitude of the radius vector r to the satellite.

The true anomaly 7 of the satellite can be directly calcu-

lated if it is realized that at the fly-over point the station radius

vector is in the plane of the orbit. Therefore, by defining the unit

vector U as

R

U = - -- , (2.75)
R

i.e., a ,,nitvector pointing _t[rectiy _o the satellite at the fly-

over point, it, z'ollows that

cos v = J.P (2.Y6)

and
<:

si_-,_ - - (_u_ £) . __ (2.77) "
-:

?
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It "choul,,Jbe noticud that l_ it,defined b2 means of Eqs. (2.71) and

that ,m17- one cuponenb oF Eq. [_-.77) is needed.

ti,-w_ir.cu r;,,,f,._rtl:e_'conrJicJ,,nsare imi:osed upoi_ the specific

_u'bil_ e.C., n.tmimtuntJnm t'_the ;_tation from a given position in the

orbit etc.. it in possible t,_ arbitrarily, pick a dimensional elen'ent;

let ]t be e, t_]e eccentricity. By 1._cansof the mapping ;i

COS V +
COS };, =

i +e cos v

2 (2..78)sin E _ - e sin v ,
i + e cos v

the eccentric anomaly Z is readily computed and thus the seml-major

a:_:isof the orbit, a, ._s

r 79) "a :: I - e cos E " (2.

TJ.en t_LiJJ_"'-.]_-l,E,-_-_ler"_.,:q_ation il. I i_e folm

IF _T = t -! + " a

whe re ---

k = 9-avltatlonal conscant of +|m planet

_ = sum of the _sses of the two bodies

* Obvi,msl.y the larges_ et,:apo,_.ntut' W-uhould be used tO " ""_ie,_ the
:_veatust accuracy.

** The tlt_, ,, in Eq.(2.80) s.huuLt ,,..thv u_tivers_i time. Iio_ver, _f
+ t:.[., i:; ,._.;crsto,xt it s, L_'.ce._. +,_ ,,:m t it, m!_r,,tes m_a_ured from t ,

LOCKHEED
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al_ow., for the de+ermination of the time of perifoual passage, Tp.

This satellite, with elements of orientation i rand _, from

Eqs, (2.69) and an arbitrary value of _; along-with the dimensional

: element a from Eq. (2.79) the Tp obtained from Eq. (2.80) with

arbitrary e, will _e directly over the station or target at time t

k

with altitude tt .
S

: Solution with a Fixed Orbital Inclination
2

Since the constraint of-a fixed inclination is quite strong,
2

a solution to this problem is- presented for the sak_ -of completeness.

It follows that if i is specifie d then Eq. (2.55) yields
c

: w2 2 2 _ (2.8l)i -.cos i = i W 2 :
..... x y . zo

b.

where ti_e zero subscript means that: _W is held constant. The condi-
Z _

tion T ::0 .produces the following relation from Eq. (2.54)

"Gi%'_ cos _ cos @ + G1 W cos %0-sin 8 = - G2W 0 sin £0 . (2.82) -' --

This .in effect is-the solution of the problem, for W : and W are _,
x. y

determined as the solutions of _he intersection of a straig)It line, _
c

dI

Eq. (2.82) and a circle, Eq. (2.81). Substitution of W from Eq.

- (2.82) into Eq. (2;81) produces the-quadratic in W

!

_ r
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1W + 2 W tan _ cos @ _' + W 2tan2%0
x zo x [t GI/ zo

]

-(i- w 2)si e!: 0 . (2.83)
ZO J

}_ence_ after obtaining a root of Eq. (2.83), W is obtained from the ---
y

linear contraint i.e., Eq. (2.82). Tile solution then continues as
L

indicated previously, starting with Eqs. (2.70).

A set of expressions have been developed that enable the

orientation elements of an orbit to be determined such that on any

day at a given local time, a specified ground station will be in the

'. _$$

plane of the orbit. The chosen local _ime, when converted to univer-

: sal time is the t for Eq_. (2.68); furthermore, the _lateral _ate of •

: change of the station out of the orbit plane is taken to be zero in _

order to' obtain a smoother passage. A_ az_added extension, a techni- . '

que has been developed that will place the satellite at a specified

height above the desired station or target at the specifled time. i-'.

Solution of _he-complete fly-over problem as developed here requires

that two elements of the orbit be arbitrarily chosen to best suit

i . the problem at hs_ud-. The other four are definedby _choosing the _._
-- t'

_:. desired t and_evaluatlng the respective equations.

_ * The most effective photographing times are i00 and 1400 IGCal time " _,
_'._ _ over a particular station (except for ground observation north of _

the Arctic circle and south of the Antarctic circle). However, use-

_/. fu! PhOtography can be_ obtained during the time interval I000-1400 _
._-<. hours. Within the Arctic and Antarctic circles, the photographing"
_-
_ time t for use in Eqs. (2.68), becomes more restrictive; i.e., the
_ days of the year along with-the time of day must be Considered when-

" fi%ing the" orbital elements of a satel£_te. ._.

LOCKHEED _.
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A solution with a fixed inclination has also been developed.

Since the solution is achieved in closed form, a great saving in

machine t_e will be realized.

_m
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SECTION II-D: OPT]]_/M ILLUMINATION FOR PHC_OGKAPHY

Consider the third problem of obtaining specific viewing times

: when a satellite can photograph a given groJnd station that must be

bathed in direct sunlight.

From Figure 2.h, the constraining geometry of the problem

demand.q that

-_-R_ : R R cos(<_, - R_). (2.84)

f

:['he vector R_O is the Sun's: radius vector in the geocentric equatorial:

, coordinate system. The components are _abulated in the American

" : }

,'_ _ E__gmeris _and Nautical Almanac. at convenient intervals. This vector :

has the components %, YQ, Z®.

: The station or desired photographic point is located by the

:_ vector R_, with components X, Y, Z, defined by

! ,
-_ X = - cos _ cos 8

Y = G1 cos _ sin e (2.'85)

i_ Z =- % sin _0 . '_

What is now needed is a criteria for deciding at what times it will be

best to photograph a particular spot on the Earth's surfa¢(e.- If one
- ' d

:<_._' '- arbitrarily defines a particular_ _ angle "between the magnitudes of the .,
f

_i R :and R vectors by $,_then as can be seen fromFig. 2.5, selecting

a ,$,less than _/2 will have the rein:it of asstuning that sunlight

'_ LOCKHEED
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e_:i_ts o'¢e_ the desired point of photogu-aphy. Furthermore, if _ = O,

then this would have the effect of placing the Sun directly over the

station, etc. Hence, picking any ¢ less than n/2 wlll result in

an elliptical g_ound trace or slight oval which always will be bathed

in nearly direct sunlight. It should be noticed that _!'m_ayvery

will be set by ¢ (see Fig. 2.5), i.e., the half cone angle ¢ of

the satellites camera field of v_e:_. This is a function c" the total

angular spead of the photograph .c lens a_-dtile satellite orbit.

At any rate, Eq. (2.,¢ may be ;,_rittenas

R R
_ - (2.86)- _-- . _ = :'o:_ ,

which upon expansion becomes

% y_

Z '

+ _--a2 sin_ : cos_, . (2.87) _.
¢9

:

We define the following readily computable coefficients:

a, - Rtt cos _0
O

!

S - RR _'ICOS r@

, . -i FII 1¢ , 0_'_ n
, = sn tan _ , where H is the satellite

altitude abov_ the surface of the Earth.

i
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and

Z

A _0 , (2.8?)7 = GO sin

and Eq. (2.87) reduces to

cos 8 + 9 sin A = cos ¢ - ¥ . (2.89)

9Alrthennore, by dividing beth sides of Eq. (2,89) by + _ 2 + 82

and realizing that by definition

A

COS _ =

/or2 + ,_2

A s
sin _ = (2.90)

'+ 132

where the angle ,_ may be computed at once by virtue of Eqs. (2.88),

we find that Eq. (2.89) can be written
7

cos ¢ - 7
_ cos (. COS _ + sin _ sin _ = (2.91)

, _/a,2 + _2
:;- -"
F
t_ or "
2

cos ¢ - y
_:_ cos(C e) = . (2.92)
4', +
,i<

_,, Evidently, then

= - , (2.93)

p+
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which is an eq,_aticn with two, zeros corresponding to the upper and

lower branches of the visibility cone. ($ is a rapidly changing

function of time, whereas _. 3, V, and L" are more slowly varying

functions° )

From this point on one can compute the actual universal time

of the critical photographic limits by the relation

0 = _o + ()(t - t o ) + _E (2.94)

or

- _ eo - xE
t = t +

o 6

where 0 is an epoch sidereal time corresponding to t and 8
O O

is the constant sidereal rate of change. The east longitude is as

usual denoted by XE.
5

During the first attempts to photograph an _u_known planet or

moon, it may not be desired to photograph any particular a_-ea of the

surface, but rather, any or all of the surface. The only constraint
?

then is to oDe.rate the cmmera when the surface in the camera's view !

is properly illuminated. This problem is the more general case of
i

the one Just discussed and is solved as follows.

Replace R_ with r in Eq. (2.82_)so that (
L

: cos(<R r)

or in the orbit plane

-OGKHEED
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(_P_+ _;_) _R = r% cos_' . (2._)

For the e!lipse,

x = a(cos E - e)w

Ym = e s._n E _

r = a(i - e cos E)

wheru a, e, i, _, w are the standard orbital elements and #' is

the arbitrary angle spread between the Sun and satellites' radius

vectors. Eq. (2.97) is actually

a(eos E - e) --_P'R+ (a_ sin E)___Q-R = a(1 - e cos E)% COS _'

(2.98)
or

_._ +e_ coo_')cos_+_ _Q.R®sinE=.._e_P._+_ cos_'
(_._)

Therefore, if

P.R + eR cos _'A --_
COS Ct' -'=

" i/_,. .,2 _Q._!, A
_ sin if' = ._

_; 2 2

<_ +eR.,oos,"), + _._).

LOCKHEED
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e P.P, + aR cos _'
*{ .-.

Eq. (2.99_ reduces to

cos _' cos E _ sin _: sin E = _' (2.100)

cos(_'-E) --7' (2.101)

so that

E_ : _' - cos'l(y ') i : 1,2 . (2.i'32)

This equation provides two zeros th_b are the limiting eccentric

anomalies of the satellite at which the camera is to be turned on and

off. The mapping frowneccentric anomaly to time is now obtained from

Kepler's equation, i.e.,
o

Ei - e sin Ei
+ = + T (2.103)

,.'3/2 ' •

It should be noted that t]_e solution has assumed that the Sun's posi-

tion did not chr_nge since the last time of perlfocal passage of the

satellite; i.e., X , _, Z9 were obtairmd from the Ephemeris t_pe

st that point. The coordinates of the Sun do not vary much during

the orbital period of a near Earth satellite. }iowever, if higher

accuracy i_ desl red, an interpolation at the t i obtained from

LOCKI-_EEO
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Eq. (2.10_) will yield .much more acc_:rate values of the Sun's position,

and the analysis ca i he re[Mated. More than one iteration will no,*;

be necessary.
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III-A : GENERAL RE_'APES

;

Knowledge of the orientation of the optical axis of the camera

!

', in s_ce is a prerequisite to the dete_nination Of scale and the loca- [

tion of objects photographed. Basically, there are two _ys in which --
K

l

this problem may be attacRed. One is through attitude sensing devices

on board the satellite, and the other is through photogrammetric tech-

i niqaes utilizing gro'_ud control points.

•_ It is l_otthe purpose of'this =study to analyze-in detail

attitude control and sensing systems. However, a generalized discus-

sion illucidati-ng some problems and expectation.s is included here to _ -
}

broaden the reader's persDective.

:

H

,_); ,
g

?

g,

'N
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III..3: ATTITUDE SENSING _OBLEMS FOR

PHOTOGBAMMEV.._YFROM SPACE VEHICLES

For the purposes of p' ._O_Tr_metry from Earth satellites, B

lunar or planetary satellites or fly-by vehicles, some form of loose ---

attitude control is necessary in order to point the photogran_etric

sensors more or less in the right direction. However, the actual

indexing of the location of a specific picture need not depend upon

attitude control per s_£e,but may involve only a knowledge of orienta-

; tion at the t_me the picture w'as made. If one wishes to cleterr-_ne the

location on the surface of a point in the pictdre, a knowledge of the
s

space vehicle position is the first requisite, and a knowledge of its

orientation is a second requisite; for the purposes of statiztical

Cc_ination, these can be considered independent variables. "

If the control of the attitude of the entire vehicle - or at

least the control of the photogram_atric sensors, if they are gimbaled

relative to the vehicle - is sufficiently accurate in itself, then no

: further information is required concerning vehicle orientation at the

time of taking the picture. For example, ['oran orientation error of I°

relative to the "local vertical" (which must be defined carefully in
- _

this context), a location error of about 17._5 kilometers occurs at

a slant range of 1,00C kilometers. In order to obtain an error no

greater than 0.5 kilometers from vehicle attitude errors at a sl_ant _

: LocKHEED
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range of I_000 kilometers, it is necessary to hold attitude within ..

about 2 minutes of arc. On the other hand, even if the vehicle atti-

tude is not controlled this accurately it can happen that orientation

sensors provide a knowledge of orientation considerably better than

that to which it is actually controlled. In this case, it is suffi-

J
cient to record this sensor information with each picture or frame.

The following conm_ents concern the attitude control and atti-

tude sensing accuracies _gnlch might reasonably be expected in rela-

tively Close Earth satellites, lunar and planetary satellites, or fly- _

by vehicles. It is necessary to consider separately the cases of

vehicles near the Earth or near a planet with an atmosphere and

vehicles near the atmosphereless Moon. The difference between a _'

! satellite and _].__y situation is largely in the fact that the latter

i is a transient situation. But from the Stand point of ac �x�Œ�closed
i

loop attitude control, the t_ansient is a relatively low frequency one _
7,

,_ and the control problems do no_ essentially differ in the two cases . _.

Nor, for that matter, do the sensing problems differ except insofar as

data might be collected at longer ranges from the planetary surface in _

the case of a fly-by.

_ It is desirable first to see how the three major methods of

'_ attitude stabilization might apply to this kind of operation, These
,_._

are spin stabilization, passive or seml-passive stabilization, and

}_ active closed loop attitude Control Although spin stabilization has

\_ been used in the TIROS to obtain cloud cover pictures, the attitudef

LOGKHEED i
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resolution ;.sconsiderably poorer than would be appropriate for photo-

grammetry. Any developments that would permit the attainment of a

considerably better resolution w_th a spinning vehicle are not known;

hence, this class of e,ttitude stabilization techniques is not appro-

priate to the present problem.

Passive and semi-passive stabilization, however, requires

more consideration. The essential charaete_zt!cs of such systems are

two: a source of static stability from the natural environment o_.'the

vehicle must exist; a means Im_stbe provided for the dissipation of

energy when the vehicle oscillates about the position of stable static

equi]j.brium. Four potential sources of static equilibrium have been

proposed and discussed in the passive stabilization literature and
q

each has been ma4e the subject of a c_plete concept-for a passively

stabilized vehicle. These sources are the. gravity gradient effect,

the Earth's magnetic field, the atmosphere, and solar radiation

pressure. For photogranm_tric purposes, the natural equilibrium.

should result in a sta_le orientation such that the photographic 5,
t.

sensors can be Pointed more or qess _'down"toward the nearby body.

Only the gro,vity gradient and aerodynamic passive stabilization

-methods result _n this k_nd of orientation for general orbits. The _,

-,former would apply to any orbit or trajectory in the neighborhood of i!,_

any gravitating soL_ce, the magnitude of the stabilizing torque being

--proportional to the square of the orbital frequency at the vehicles

orbital radius and proportional to the difference in principle moments I:

LOCKHEED
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.of ine_]tia of the vehicle (it being understood that the long axis, ..

the one of _ninimum moment of inertia, is to be stabilized toward the

central body), In a non-circular orbit, the gravity gradient torque

is a function of time and does not really result in an orientation _-

that is stable in the usual sense. Rather the situation is a dynamic

one, one which has apparently not been given much attention. Methods r

based on the interaction of the vehicle with the ambient atmosphere

are obviously inappropriate for lunar phogogrammetry, but could work
t

in the .case of.l:._rso Here one-must strike a fine balance between i

atmospheric effects-tha.t result in significant retardation and destruc-
t.

tion Of the orbit and _tmospheric effects that are just sufficient to

provide aerodynamic st_bi!ity.

i Certain facts rega-_ding passive stabilization can be summarized.

_ First, the existence of feasible physical, means for providing the

,< necessary passive damping ha_ not yet been demonstrated. Second, no

'significant exr_rience with passive stabilization in space has yet_

.)

" been acquired, although, preiirainary results for one particular tYpe,

_i that used on the TRAAC sate].lites_are available. Third, there is

i_ virtually no extant anals_ica_ study of the passive stabilization

method predicated upon a realistic dynamAc model of the-situation.

_._: Fou_h, such analytical work as do_ , exist indicates that attitude

_.'_ oscillations of some des_'ees can be expected- perhaps in the range of

_i_ 5 to 20° about the "_ertlcal. It seems very unlikely at thls time that

a passive stabilization system could be designed and implemented,

LOCK HISED ' _,
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capable of holding att_tcde within 3° of the vertical. The sum of

these facts forces the conclusion that it would be very speculative

to pestulaze passive attitude stabilization as a feasible basis for

photogrammetry ,_Ithin the in_nediately foreseeable future. At the

level of accuracy that seems to be realistic, one undoubtedly would

:_e_l2ndependent sensors to establish orientation for purposes of

picture indexing. Once these sensors are added, one cuts deeply into

the ostensible _dvantages of _ passive stabilization system, namely

its greater claimed reliability.

The remainder of the discussion will be concerned only with

" a_tSve closed loop attitude control and with the :sensors that might

be incorporated in such control systems.

For a near Earth satellite, an active closed loop attitude _

control system normally is based upon a horizon scanner to determine

the vertical and a rate gyroscope to determine yaw. The control may

be on-off if the actuators used w_.ththese sensors involve mass

expulsion, or may be a ploportional control if internal momentum

s_orage devices are Usedor if proportional Jets in the necessary -

thrust range became feasible. In the former c_se, the system operates
/

" in an attitude limit cycle whose amplitude is determined by practical

considerations involving several characteristics: the width of the

dead band Irtroduced deliberately to Cbnserve propellant, the minimum

on-ti_ of the thrusters used_ and the thr_eshold.ratesthat can be

detected by rate gyroscopes or by sl,gnal preceding techn'ques

LOCKHEED
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equivalent to them. The inherent accuracy of the sensor is also

fundamental since there is no point in attempting to operate in a

limit cycle m_ch tighter than the inherent accuracy of the horizon

scanner. Present scanners and those projected for the near future

appear to have accuracies of the order of 1 to 2°. This includes the

error effects of the inhomogenlety of the Earth's optical surface as

well as instrument noise -_the former appears to be the lJmitlng fac-

tor in the spectral regions and with the instrument designs now used.

The number does not represent a, ultimate capability for this type of

device, but should be typical for the purposes of the present discus-

sion. This means that neither attitude control nor attitude sensing ::

is likely to be better than 1 to 2° for near Earth satellites based

on such a sche_. This is not likely to be adequate for photogram-

metric purposes. In Order to obtain significantly increased a_.cura=y,

one must go to attitude sensing by m_-ns of star trackers, a method

which requires that a _nning knowledge of geographic position be

present aboard the vehicle in order t'cknow how _o aim the lines of

sight of the two or more trackers. T__Is problem is more difficult

than the attitude sensing problem for the Orbiting Astronomical

Observatory vehicle, since there it is desired to point the vehicle

axes in a prescribed direction in inertial space rather than toward

the center of the Earth, and no changing angles between the vehicle -_

_ axes and the star tracker lines of _Ight are into±red. Changing

angles are involved, ho;_yer, for the phohogran_etric problem.

,©
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Unfort[mately, it does not appear at this ti_ that there ere at.

good alternatives for sensing in the region of intermediate acc]:acy _

between star t]:ackers and horizon scanner. The _uherent star tracker

capability calmot be quoted _rlthout arierror _-_.._ysis of a specific

system, since it is intimately involved with position determination

erro_-s as well as the basic _rrors of the trackers th._mselves, the

latter h_ __,, -._thin -_ _+_ of _ to _ g_h.....o _........j ...... a arc scconds, althou

this number probably can be reduced in practice if it is justified on

the basis of the other system errors. The ground station can be

expected to be an important, if intermittent, part of the sensing

loop.

_l the neighbo-_'hoodof the Moon, one does not have the option

of using an infrared horizon scanner of the type suitable for applica-

tion near the _rth. It is possible that horizon scanners -inthe

visible or blue regions will be developed, accompanied by a computed

logic which permits an inference of the location of the center of the

Moon from observations on a gibbous or cresent outline. Hcwever, such

devices are not Considered current state-of-the-art. If such a device

were available and were to be used, the zajor errors might be in the

variations of lunar topography, but any such _ rrors are difficult to _

assess in the absence of a specific sensor dcsi_ _con_opt. in any

case, it _ppears that the only method which might offer relatively _

good data (, orientation is the star tracker method. At the Moon,

sufficiently accurate tracking could be done from the Earth so that a _.

I,.OGKHEED
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vehicle cpher,leris _;ouldbe available _o use in conjunction with ".,he

star trackers. This wo_id permit the application to evolve very much

as fo_'an Earth satellite and roughly comparable accuracies could be

exoected. It should be noted that such a technique would apply equally

well to an orbit or to a h3_erbolic trajectory in the Moon's neighbor-

hood, provided the elements of this trajectory are established from

the Earth with sufficient accuracy.

The case of planetary photogrammetry is somewhat more difficult.

On one hand, the infrared horizon scanner might again become applicable

if there is a m_itable planetary atmosphere, but only fragmentary

studies currently seem to be available on the problem of horizon scan-

ning involving atmospheres other than the Earth's. Conjecturing that

a method of this kind is feasible, it seems fairly safe to assume that

rough location data would be forthcoming - locations to within an

accurac_ consistent with the i to 2° horizon scanner error that might

be foreseen. But on the other hand, the higher accuracy sensing

methods involving star tracking do not work as w_ll because the esta-

blishment of an accurate planetary orbit from Earth-based observation ,.

_, is unlihely. This means that the star tr_%cker attitude sensin_ would

have to be supplemented Oy an onboard positic_, detez_ination method
"t

involving sightings on the planet, probably upon the Sun, and perhaps

i involving rsxiio communication with the planetary surface.

_ It is difficult to go beyond these general remarks except in

refc_'ence to a specific time period, a relatively specific mission

"! LOCKHEED
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characterization, and mere clefin!hive photog_'ammetric requirements.

First, attitude control tends to come in three levels of accuracy'

sloppy, (3 to I0°_ possib!y _,_,_.__ of _ passiw ]y stabilized system) ;

medlu, accuracy (I to 2°, typzca] of ave.rage attitude control appli-

cations involving active closed loop control systems, and garden

,rariety sensors); very accurate (probably better than . minute of arc

when various sources of error are considered, requiring the use of

star trackers). There seem to be no promising sensors in a range inter-

mediate between horizon scanners and star trackers, although it is

possible that horizon scanners could be made somewhat more accurate

than the number quoted. (It is unlikely that the improvemel,t would

be an order of magnitude, though. ) If _he horizon scanning method

were sufficiently accurate for the purposes of t_.ephotogrammetry,

it could be used near the Earth and probably near other planets with

atmospheres, but not for lunar photcgr_mmetry with horizon scanners

of current type. If horizon scanners are not sufz'iciently accurate

for the purpose, one must perforce go to star trackers. These are

potentially _uitable for any of the neighborhoods mmntioned, but if

used near a dlstant planet they would have to be supplemented by an

onboard position determination method, o
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ll!-C: CAMERA oI<IENTATIGN FROM G!gOtjN_ CONTROL

Itlthe case of the moon, and planets, ground control will ----_

range from _/_orto absent, and attitude sensing, discussed in the

previous pages_ rill be the most eypedient means of orientation. In

the case of the F_rth_ ground contcol is fair to excellent (except

for the polar regions) and can be used to great sdvanta_ in camera

or ientation.

Ideally, the position of _Tound nadir (subsatellite point)

and satellite altitude will be knower, be-ause a precisely determined

orbit and the exposure time are all that is required, as dlscus_ed in

Seeti _.n:T. Laboratory-procesced B_kcr-Nunn obse_-a_ional data er_ble
,- mm_mm_,,

Earth satellite locations within one kilometer an& thla is sufficient ....

%-

ly accurate for exploratory work considered in this study. The orien-

tation of the low and high Qbliq,_e phctographs is considered separaely.

C
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PHOTOGR_/_ETRIC DEFINITIONS AND _YMBOLS

Symbol Term,, Definition

Apparent horizon Outline of the Earth's horizon

on an oblique photograph

8 Depression angle Vertical angle between the true

horizon and the optical axes of
the camera

d Dip angle Vertical angle bet_en the
true and apparent horizons

r Earth' s radius
: C

' L Exposure station Position of the front nodal
point of the lens at the zime
of exposure

f Focal length Distance from the front nodal

point of the lens to the photo-
graphic negative

Geodesic line Shortest distance between two

points on a mathematically
defined surface (in this case

a sphere)

G Grolmd distance '_

__ _ N @'ound nadir point Pcint on the ground vertically
beneath the exposure station

H ,Height above 6atum i

Ifigh oblique Oblique pho_,ograph in which

the Earth' s horizon appears

Low obli%ae ,.Toliquephoto&_aph in which
the Earth's horlzo,_ does not

appear

LOCKHEED
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_l_nbol Term De finition

n Nadir point Point on the photograph vertically
beneath the exposure station

Nautical mile (Historically) Distance _n the
EaCh' s equator subtending an
az_glr,of one minute at the Earth's
center. (One nautical mile =
6080 feet. )

J

Optical axis Line perpendicular to the lens at
the front nodal point

Principal line Line of intersection formed by the
principal plane and the photograph

, Principal plane Vertical plane containing the
opt ical axis

i 0 Principal point Point of intersection of the opti-
cal axis and the photograph

%

t Tilt Angle between the optical axis and
the vertical

Tilted photograph _otograph taken with the optical
axis of the camera inclined less

than five degrees from the verti-

cal. A distinction is commonly
' between the tilted and the

_ oblique photogu'aph: tilt Is an
unintentional deviation from the

vertical

Tm_e horizon Line of intersection of the hori-

_ zontal plane through the exposure
_ station and the photographL

S Scale of photo

". I Size of Object in
focal plane

z
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Symbol Te_ Definition

m

@ Angle in the principal plane
between the principal point and
a horizontal line passing through
the point of interest

e Distance along the principal line

in the photograph measured from
the true horizon

?. Horizontal angle between two lines
in an oblique photograph

Planetocentric angle subtended by
an arc on the surface

E
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"d!__ Oblique Fhoto_graphs: Determination qf___p,ress,lon Angle and

Azimuth of the________incipalLine

L

The determination of the depression angle 8 of the optical
[

axis is a si_,p/eprocedure in high oblique photographs. In _a_-t, thls
/

is one of the advantages of a high oblique photograph. _o gro_Id

o

control i_ necessary, nor is the location of ground nadir. Only the

altitude and planetary radius are needed. The procedure can be f_mml

, in r,ost standard textbooks on photogrsametry; however, it is included

here for the sake of completeness.

The angle between the apparent horizon and the true horizon is

the dip angle d. (Refer to the previous two pages on Notation for

: definition of photogranmetric terms. ) %_ne dip angle is measured in

_ the principal (i.e._ vertical)plane containing the optical axis an6 i

the pllnnb line from the exposure station. As shown in Fig. 3.1, it

•_ is readily ._iculated from the flying height H and Earth's radius

r :
' C
A

._ _/ )2 2(H+ rc cLK - r
_ tan d - -
; r 1_

c C

_ + 2r H

: c (3.l)

J
t_ (Polnt K in the figure represents a point on the apparent horizon).

LOGKHEEO

i i ii

1966002881-062



LR 17;$91
Page 59 ..

L

H d

K

d

Figure 3.1: Relation of Dip Angle to Flying Sleight
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The appsrent depression angle _ is measured in the principal
ml

plane between the aptarent horizon and the optical axis, as shown in '

Fig. 3.2. If 0 i_" the princi[mi point of the photograph, if follows

from Fig. 3.2 that

OK'

tan (_ - f (3.2)

Tne line OK' is .measured along the _rincipal point to the apparent •

horizon. (The interpreter can draw the principal line on the photo by

constructing a line from the principal point perpendicular to the

apparent horizon.) Experience shows that the Earth's horizon is not

visible in hyperaltitude photographs. Yowever, a fairly sharp line

is formed at the top of the scattering layer of the atmosphere. It

is expedient to measure OK' to this llne and increase r in Eq.

(3.1) by 12 km. The precise height of the ucatterlng layer is not

m
known, but in one of the Viking 12 photos it was estimated at about

12 km. for infrared.

The tn_e depression angle between the optical axis and the

t_

horizontal is then readily de_emlned:
.f

_ _ = _ + d (3.3)

Now the t_le horizon is located by

g

_ OM =: f tan 8 , (3.4)

a,ldthe nadir point of the photograph by
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Figure 3.2: Elements of the High Oblique Photograph
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On = f tan t , (3.5)

where t is the tilt found by -

: *a = 90- - 0 , (3.6)
4

To complete the orientation of the camera in space, the azimuth

of the principal line must be determined. This is easily acco_lished

if a recognizable ground point lies along the principal line of the

:_ photograph. A line from ground nadir through the recognized point can

• then be plotted on a map to determine its direction. However, any

control point in the photograph is sufficient, in addition to the

coordinates of ground nadir, for determining the azimuth. The line

connecting ground nadir with the control point is considered the con-

_: trol firm ann its direction is determined. The direction of a line

' can be determined directly from a Mercator map, or more generally, by

'-_ Napier'_ anslogies. The problem, which is common in navigation, is

shown in Fig. 3.3. The desired angle in Fig. 3.3 Is A, which is the

direction of tlle control line measured from north.

_ By Napier' s analogies,

_i b - a cot 11
B + A cos 2 "

tan -'_ 2 b +a
_, cos e

(3 7)
b-a N

sin- " cot-
:_ B-A 2 2

tan
2 b+a

_.. sin 2
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Figure 3.3: Spherical Triangle Formed by Principal

Point (Point I), Control Point (Point 2),

and the Earth's North Pole
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b = 190 - _i I! i

• :
L

Equations (3.7) are so!yea sinmltaneously for B and A. i

The next step in finding the azimuth of the principal llne

when it carmot be identified by inspection on the map is to determine

the horizontal angle B between the principal line and the control

line, with the apex at gro_md nrdir.

X

tan _ = (3.8)
f sec 8 + e sin A

where x is the distance to the control point measured in the x

direction of the photograph, f is tile focal length, and e is tile " '
i

distance along the principal line in the photoo_r.aphfrom the true "t-

horizon t_,, the control point (see Fig. 3.4).

_le distance e is always negative in F_q. (3.8), because it

is measured below the true horizon. See Noffitt, 1959, p. 3142 for

derivation of Eq. (3.8). %_sequantity e, as seen in Fig. 3.14 is
/

equal to

' _

1"
4t.
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where y is added if the control point lies below the principal point

and subtracted if it lies above the principal point,.

The angle B is then added or subtracted from the azlm_th of

the ccntrol line to fird the azimuth of the principal li___e. For

example, in Fig. 3.3 +he azimuth of the cont1_l liDe is A, tB_ azir_uth

being measured clockwise from north. The angle _ would be subtracted if

the control point lies south of the principal line and added if

it lies north of the principal line. -

Low Oblique: Tilt and Azimuth Determination

Orienting low oblique photographs is much more difficult than

hig_ ooliques. However, if good maps of the photographed area are

available it is commonly possible to locate the principal point of

I the photograph on a map, in which case the orientation is greatly

simplified. Let us first consider this case in which the altitude of

the satellite is known and both the ground nadir and the principal

point of the photo can be plotted on a map. The geodetic distance n

,_ between ground nadir N and the principal point 0 is determined

_ from

"_ sin B + A . tan b - a
n 2 2

= (3.9)
4 tan 2 B - A
_ ._in 2

where A and B are fou. _rem_q.3.7.

LOCI(HEED

1966002881-070



LR 17491

Page 6T

Referring to Fig. 3.5_ in which t is the tilt, H is the

altitude of the satellite, r is the Earth's radius; arid ,_ is theC

central angle subtended by the geodetie arc n (_ . .-__n )
• __ _.; _ r

c

r sin
tan t = c • (3.10)

H + re(l- cos

For less precise work, it may be appropriate to n_asure the

azimuth of the principal line and the distance n directly from the

map, in which case the accuracy will depend on the quality and type

of projection of the map. Furthelm_ore, for small angles of tilt, the

curvature of the Earth can be neglected and the tilt f_und as

t = tan -I [_] (3.11)

The graph, Fig. 3.6, compares the precise determination, Eq. (3.10).

-,_th the approximation, Eq. (3.11), using the Earth as an example.

The graph shows results using altitudes of 500 km and 1000 kin.

Ne>_ the principal line is =to be located on the photo. From

careful comparison of the principal line plotted on the map with the

photo, it may be possible to identify a point on the photo which lles

along the principal line shown on the map. If this is the case, the

principal line on the photo is constructed by extending a llne through

this point and the principal point. :
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Figure 3.5: Determlnatlon of Tilt
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If such a point cannot be identified, the principal line can

be constructued if any other point in the photo can be recognized and

located on the map. A line from the principal point to the control

point is considered the control line; a_d the angle between this line

and the principal line is the desired angle. This angle cannot be

measured directly from the map; rather, the desired angle is the per-

spective projection of the map angle on a plane parallel to the photo.

The problem is illustrated in Fig. 3.7. In this figure, the control

point lies above the principal point. Consider first the case in I

which the curvature of the surface is neglected. A set of coordinate

axes is constructed on the map, in which the Y axis coincides with

' the _ound trace of the principal plane, and the X axis is perpen-

dicular to Y at the principal point on the map. From the geometry

of the figure, the projections of the X and Y distances of the

control point on a plane parallel to the photo are ,_

Y' : H sect tan _ (3.12)

X cos(t + _)
x: : (3.13)

cost cos

where

[: j= tan-i [ tant + YH - t (3.14)

The smaller angle between the control line and the principal line in

j the plane of the photo, call it At is then
,¢

"]

]
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H

Plane parallel to photo

Figure 3.7: Projection of Y into the Plane of the Photo.

(Section in Principal Plane)

.@@KHIIIED

I
i i IF I I F

1966002881-075



LR 17491

Page 72

A = tan-I X[___,' (3.15)

If the control point lies below the principal point, Eq. (3."2 _

is the _'_me,b'_ Eqs. (3.].3)and (3.14) become

x co_(t- _)
x' : '_16)

cost cos
L

and

tan-i _.Htant - Y]
H J - t (3.17) I[

In the case of the Earth, the curvature should be considered

in order to maintain an accuracy of one to two percent for tilts

greater than about 30 degrees. Referring again to Fig. 3.7, but

considering now the arc distance from the control point (projected ',

into the principal plane) to the point where the optical a:,ii,qinter-

sects the surface, the angle _ _hich ._sto be used in Eq. (3.12) is

found from

rc sin('_ + AJ,) _]

= tan-I - t (3.18)

H + l- +
eI|T._

, = sin-1 c s;int - t , (3.19)
C

and A' (in radians) is found by measuring the distance on the map

between the ground location of the principal point and the projection

of the control point Into the ground trace of the principal plane, and

LOCKHEED
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divi,_ing this distance by the radius of the Earth. The effect of

curvature in the X direction is negligible; nevertheless, it must

be corrected to a perspective projection cnto tile plane parallel to

the photo. If X is the distance measured from the map, and X' the

perspective projection onto the plane parallel to the photo,

XH sin(t + _)
x' = (3.20)

r sin(_i:+ A'_')COSt COS £0C

If the control point lies below the principal point, the

effects of curvature will be much less than i_ the previous case;

nevertheless, the projected distances are calculated similarly, except

that Eq. (3.18) becomes

: - (3.21)
H+ r c [i - cos(_- A¢)

and Eq. (3.20) becomes

XH sin(t - _)
X' = (3.22)

r sin(_ - A_,)cost cos
C

%_len the principal point is not easily located on a map, the

problem of orientation becomes more difficult. If the altitude and

ba'o:md nadir o£ the exposure station aze known, orientation can be

acc(znpllshed £rom two ground control points. A method for this sltua-

tlGn is developed in the Westinghouse report to N.A.S.A. (NAS-5-2755).
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If the altitude and ground nadir at the time of exposure are

not knowT_ (as is the case with the Mercury-Atlas photos), the orienta-

tion of the photo can be determined from three ground control points

in the photo.

The most useful features for ground control points in hyper-

altitude photography have been found to be the irregular edges of

bodies of water (lakes, reservo_Ts arm uoastlines), stream =rtersections,

and road and railroad intersections oz o_nds. The control pointz should

be chosen to form a strong, i.e., nearly equilateral, base triangle.

The resulting space pyramid formed by c_.e ground control points and

the camera _tation is then as strong as possible, providing that the

camera station does not fall on the "critical cy±in er , i.e., the

i
vertical cylinder formed by the three control points. (An analogous

r

situation can be demonstrated in surveying. The location of a resected

station cannot be resolved if it falls on the circumference of the

circle passing through the three control points. )

%_ne cc_mor_ly used orientation methods do not consider the

curvature of the surface. For ex_pectable altitudes of photographing

satellites (below lOO0 km. ), significant error will not be introduced

provided the points form angles of less tl_n 30 to _0 degrees to the

local vertical. After some experience with oblique photograph_;, the
i

_( direction to the nearest horizon and the angle to the vertical can be

estimated roughly by examininc the am_.,nt of foresnor_eni_g at vlrlo_

LOGKHEED
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points in the photo. The control points should then, if possible,

be selected in the lower (larger-scale) portion of t_ photograph.

The "scale-point method" of R.O. Anderson, described in

Moffitt, 1959, PP. 213-221 and in the Manual of Photogrammetry,

PP. 372--375, is mainly graphical, but is accomFamied by simple mathe-

matics. _e method is useful if an electronic computer is not avail-

able; even so, it is t_e-consuming (partic,larly if the tilt is more

than a few degrees), and because of the graphical operations, high

precision is not to be expected.

More suitable are the ,_nalytical methods, such as the space

resection method developed by the_ L.:_.el_'ofes_r Earl Ch1,_ch of

Syracmse University. The r_seetion procedure implies d:_termination

of the elements of exterio ,'_orientation that allow the ti:_ee recon-

structed ra3_ frum the c_ • station to be _dJusted i_,_ _-spective

posit_on with the respective control points. The r_ch_: s described

in the Manual of Photo_ramm_?2", 1952, pp. 275-280.
t

Another method, t_mt of _._!_l, 1963, _' : ued and utilized

successfuly for several rocket photos t_ke_ _:_ver-_,:.te Sands, New

_×ico. A co_,_mter _rogram, as well as a flo_ ._,5.:_gzsmof the Lehman

method are found in the Appendix cf this report. The measurements on

the photo should be made as r,_clsely as possible, preferably on a
b

precision com?arator, ar_'.the effective focal length (i.e., after en-

large=_ent) m_st be kr_own very acct,rately in order for +.heprogram to

worh effect Ively
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A third method of orientation for low obliques can be sugges-

o _ed and althou_l it has not yet been attempted for hyperaltitude

photography, it may prove to offer a rapid and satisfactory solution

to the problem of reconstructing the original tilt and swing. The

method is optlcal-mechanical reconstruct ton of tilt and swing in a

precision rectifying projector. This is accomplished in the rectifying !.

inztrdment by means of systematic trial and error adjustment of the

proJectlon easel so that the imaGms of the control points on t_ photo-

graph are brought into coincidence with the ground control points,

which are plotted on the base sheet and positioned on.the easel. The

base control points are plotted frc_ map or survey data and should be

chosen at approximately the same elevation, unless the plotted posi-

tions are corrected for relief displacement, (see Moffitt, 1959,

pp.

i

y

rt_"
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SECTION IV

LOCATION OF OBJECTS IMAGED _

2

:)

L
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,_ IV-A: THE CONCEPT OF SCALE

_ It will be seen in the next section that objects can be loca_
7

ted and distances between objects determined in a photograph wit,out

; Icuowledge 5f scale. Nevertheless, scale is a fundamental property _;

which aids us in describing a photograph in terms that are familiar

and meaningful. _.__hermore, est_._tes of size and distance are

: possible without tedious calculations, if the scale is known.

,: .As generally used_ scale is defined as the ratio of image

!_: .. distance t_ ground distance. That is, it _is the ratio of the distance
p

between _W6[_oints ias measured on a photograph to the actual distance_ i

, between the same points on the ground, The reciprocal of this ratio _:

is the scale number, which is more useful than scale, because image ,. , _.

distance multiplied by scale,number yields true ground distance:

_:

I G = Si × (image distance), (4.1)

_-_ ._ where G is the ground distance and Si is the scale number of the L

_ . _. -photograph. ThrougJ_out-this study, scale number isused instead of ,_

ii_ " scale ." _
• 'u _4

2

4 " In a ver%ical photograph, the scale numb_.r at the principal '_

point is ._ _,
_ "

v'" f '

•i k"
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where H is the altitude of the exposure station and f is the focal

length of the camera (not to be confused with f, standing for Earth

flattening). Outward from the principal point, the scale changes by

a small amount owing to the curvature of the Earth and relief displace-

ment. i

In the nonvel_ical photograph the scale is different at each !
!

point, with the exception of all points along any single lir_ perpen-_

dicular to the principal line. The scale number (Si) of a point on

an oblique photograph can, therefore, be defined as the change in i

ground distance relative to a change in image distance:

dG"
si - dl " (4.3)

Only for measurements involving very small distances can tge scale

be considered: constant,, the limiting distances being c_urate with •

the accuracy desired.

It is Convenient to refer the photograph to an appropriate

Coordinate system in x and y, in which t.he_y axis coincides with

the principal line. (The position of the x axis is arbitrary, but

generally passes through the principal point or coincides with the

true horizon. It is then expedient to examine ho_" the sc_l.e number

•changes in the x direction (Sx) studin the y _direction (Sy):

dX.. -s -- "x dx

and

LOCKHEED
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s _-d_ (_.5)
y dy

where X and Y are the ground distances and x and y are the

corresponding image distances. As mentioned previously, the scale is

invarianc in the direction perpendicular to the principal llne - a

cha_mctezlstic of perspective projection. Consequently, the scale in

the x direction is constant, and the ground distance

x --Sx(X2 -xl) , (4.6)

where x1 and x2 are the image coordinates of the two points

' between which the distance is to be determined.
7

Ho_.ver, tt:c scale cl_nges continually in the y direction;
{

=- therefore, a distance on the _ound parallel to the principaY plane

is the definite integral of the Scale number as a function of y.

_2

_ _ Y = fYl Sydy . (4.7)
4

"3

i It remains to derive expressions for S and S in terms
- x y

_ of known or readily detelmLined quantities. Such derivations have

i been carried out previously (by Katz in 1950, Lane in 1950, aml Moffltt

-_ in 19§9) and will not be repeated here. The geometry: of the situation

-. is seen in Figure 411.

-- / w -'

,j

J
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PRINCIPAL LINE POSITION OF

IN PHOTOGRAPH7 _ TRUEHORIZON

"_ \, \ Fo_,c,_H ",ROJECTION OF \ _ AXIS
(X,Y) INTC_ N',,,/

PRINCIPAL i

o,

f

N _

Figure }4-.1: Elements of Scale
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H cos
S = (4.8)X

f sln(e+ _)

S H I cos _ I 2

where S and S are the instantaneous scale numbers at a point;
x y

H equals focal length, 9 equals depression angle; and _ equal_ the

angle in the principal plane between the principal point, O, and a

horizontal line passing through the point of interestS.

The angle _ is considered positive when measured downward

and negative when measured upward from the principal point.
'\

)

The scale numbers can also be represented in terms of the

image distance e from the true horizon rather than the angle

; (see Figure _.i); from this, relatively simple expressions are

obtained.

i s - (_.lO)x e cos 8

s : C_.n.)
i_ Y e2 cos2e

where H, f, and e are measured in the same units.

The concept of scale was found to be especially useful in

this study in analyzing interpretability of photographs. For example,

_ what scales are suitable for interpreting drainage, surficial d_posfts,

rock strata, etc. ?

LOG Ki'l I[I[ID
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IV-B: COORDINATES OF OBJECTS IMA(ED

Once the orientation of the photograph in space is known,

the location of any point in the photograph can be determined relative

to ground nadir. The method deJeloped here utilizes the theorems of

solid anal_cic geometry and is readily adapted to the use of an accur-

ate coordinate-measuring device, e.g., a comparstor, and the hand cal-

culator.

Referring to Fig. _.2, consider two sets of t_hree-dimens.ional

coordinate axes, each having its origin at the front nodal point of

the csa_ra. One set of axes defines ground points, with the Z-axis

parallel to the plumb line. The second coordinate system defines

points on the photograph with the z-axis coincident with the optical

axis. Ground points are designated PI(_, YI' ZI)' P2(X2 ' Y2' Z2)'

etc. Image points are designated Pl(Xl ' YI' Zl)' etc. A ray from

an object on the _urface at PI to the exposure station pierces the i

photograph at PI" The basic problem is to find the cocrdinat_ of _i

Pl' kno_rlng the coordinatez _"- Pl"

In order to simplify the equations, the y-axis of the photo- _

graph as well as the Y-axis of the ground system are made to lie in

the principal plane.

After measuring the x and y coordinates of the point in

the photograph, the coordinates of this point a_e found in the ground

LOCKHEED
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} Figure 4.2: Relation of Photographic and
_ Ground Coordinate Systems.
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coor4inate system, call them x', y', z'. This is accomplished by a

z_mple rotation of the photographic coordinate frame about the x-axis

through the angle of tilt, t.

X t = X

y' = y cost + z sint (4.12)

z' = -y sint + z cost .

Next, the parametric equations of the ray Joining PI and the

exposure station are determined. Calling k a l_rameter,

X = X' k

y = y,k (_.13)

Z = Z' k

At the point PI(_, YI' Zl)' where the ray intersects the terrestrial

(or planetary) sphere, the coordinates of PI must satisfy the

equation

rc = x + + z - (H+ rc , (_.i_) }

which is tlm equation cf tP_ terrestrial sphere relative to the X_Z

coordinate axes in Figure 4.3.

The parametric forms of x, y and z (Eq. 4.13) are substitu-

ted in Eq. (h.lh) which is solved for k. Next the coordinates of PI

* Consideration of flattening will ordinarily not be warrented; how-
ever, for greater precision, the equation of the spheroid can be
used instead of Eq. (4.1_).
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are found from

X = x' k

Y = y,k (4.15)

Z = Z' k

In many cases it will be desirable to determine the coordin-

ates of P1 in the geodetic coordinate system of the planet, i.e.,

longitude k and latitude _. The XYZ coordinate system is rotated

about the Z axis so that bhe X and Y axes coincide with the

North-South and East-S'Testdirections. The new coordinates are desig-

nated X' and Y'.

X' = X cos ¢ + y sin ¢ (4.16)

h

¥' = -X sin e + y cos ¢ (4.17)

where ¢ is the angle between North and ti_ X axis. Then,

A_ = sin"I X' (4.18)

dk -- sln"l sec (4.19)

i

where g is the latitude of gromd nadir, i
|

Finally

. x ,a (4.2o)n

,p : % (_.2z)

LOCKHEED
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where _n and Xn are the coordinates of ground nadir. A_ is

positive westward in the western hemisphere_ and &_ is positive k

northward in the northern hemisphere.
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m

In Fig. 4.5, which is tNe plane containing the object and the

ground nadir, D represents the displacement of an object P owing to

its elevation above the datum. Clearly, the relief displacement in-

creases with increasing elevation of the object and increasing distance

from the _Tour:d nadir. Taking the Earth as a sphere,

D = A¢

where D is in nautical miles and A_ is in minutes of arc.

In triangle LCP, from the law ef sines,

' sin 6 sin(_ + 6)

r +h r +H
O C

-- - 6 . (_.24)
: • +h• r c

u

In triangle LP'C

-- $

!

sin 6 sln(6 + _ + A¢) _

r - r +H
C - C

r + Hlsin 6 ]

A_ = sin-I c - _ - 6 (4.25)
_ " r c

combining Eq. (4.24) and Eq. (4.25), we find that

= - sin'lire + h (4.26)
• r e

LOCKHBISD
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With four variables, Eq. (4.26) is not,amenable to simple

graphical representation; however, a close approximatlon of the relief

displacement can be found as shown in Fig. _.6. The curvature of the

Earth is very slight in triangle PP'Q and is neglected. Conse-

quently,

D = h tan(# + 6) . (_.27)

Now _ is a function of 6, that is,

(rc + H)s_n 6]_ = sin "I re j

+h -6

thusEq.(4 Zr)beco s

r + H)sin 6

O = h tan + h . (_.28)
C

In the arcsine term of Eq. (_.28), h is very small compared

to r ; therefore, it can be neglected, and D becomes directlyc

proportional to h times the tangent of the angle in brackets.

Therefore, in Fig. _.7, the displacement in km is plotted as a func-

tion of the altitude, H, of the camera station, and the angle 6, which

is obtained directly from the photograph. The elevation of the object,

h, iS consldered'l km and rc is taken as 6370 km. To obtain values

of D corresponding to elevations other than I kin, h is multiplied

by the ordinate value of the graph.
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Figure 4.7: Relief Displacement for h = i km
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i

Finally, the corrected values of X and Y are obtained by

subtracting the components of the radial displacement (AX and AY)

from X and Y, where

AY = L sin tan -I • (_.SO)

Hyperaltitude photography will be useful in exploring poorly

known areas; consequently, elevation ccntrol will be sparse. Without

such control, measurements near the horizon should be avoided because

relief displacement increases rapidly with the angle to the vertical

(6).

In some cas_s, it may be posaib]e to estimate the relief from

: the configuration cf the topography in plan view. Wi_iiregard to the

_. _rth, the oceans fm2nish the necessary datum. Coastal plains may

extend tens to hundreds of miles inland, maintaining a fairly constant

slope of about 0°0± ' . Using this value, the elevation at any point on

_ a coastal plain can be estimated. Coastal plains are best recognized

by their drainage pattern. The river cou_'ses are generally very per-

, sistent in direction, which is essentially perpendicular to the coast-

/ line. Meandering is a common characteristic of coastal plain rivers.

:" Large river valleys such as the Amazon and Po also maintain a

rather unlforni gradient of about 0°01 '. These -;!vers are recognized

:__ by their great length, broad flood plains, and meandering courses.

LOCKHEED
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Cumulus clouds comnonly hug the crests of lofty ranges, hence _

the presence of persistent linear cloud formations infers an elevation

of sever_l thousand feet.

In some areas tone is closely related to elevation. This is

true in the Basin and Range Province of the U.S, The ranges are darker

than the intermontane basins. This is due principally to three reasons:

i) the higher clevations support morc vegetation, _ _,_my cases dense

forest cover, 2) shadows are trapped in the rugged highlands by the

craggy outcrops, trees and shrubs, 3) the freshly exposed bedrock of

the ranges is darker in color owing to a greater percentage of ferro-

magnesium minerals.

Many plant forms are sensitively controlled by altitude for a

given latitude - knowledge of this control therefore furnishes an indi-

cation of altitude. Tree lines are uniform over large geographical

areas and can be exceptionally useful altitude fixes if known for the

region in question.
!
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IV-D: IMA_ DISPLACEMENT BY ATMOSPHERIC REFRACTION

Introduct ion

A ray of light entering a camera in space is refracted in its

*

path through the Earth's atmosphere. The Earth's atmosphere is non-

uniform, being composed of complex strata varying in density, molecular

composition, and temperature. Variations in the index of refraction

accompany the changes in physical properties from one stratum to another.

In general, however, a ray of lig+ht from the Earth follows a convex-ul_-

-. ward path which is steeper near the surface of the Earth. Most of the

refraction takes place in the lower, denser part of the atmosphere.

Hyperaltitude photography is therefore essentially affected by the entire

• atmosphere

This present work represent._ an alternate and simpler approach

than that found in Crowson (1962), and is believed to be an improvement
c

c

j over the work of Mumlck (IQ62), end Merlfleld (1963).

q

•:_ Anal_-sis

Figure _.8 shows how refraction affects the iccatlon of an

ob_ec_ on tl_e Earth's surface. A Light ray originating at an object P)

_ 11 II_ I . - - IL .... I --

* Other planetary atmospheres are not considered here owl.uS to our lack

of knowledge of their constitution.
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will follow a curved p_.th _imilar to that shown in the figure. To the

camera st L, the object appears to b_ at P', displaced a distance D

from its true position. The displacement is always outward from the

local ground nadir at N. m

To f_nd the true path of the. ray, _t would be necessary to

know the index of refraction at a large number of poln_s above the sur-

face. There is no sLmple relaticn bet'_een the index of refraction ar_

altitude, but a,_ a good approximation _hc index of refraction may be

considered to be proportional to the density. According to Eq.(4.31) den-

sity is assumed to vary as an expo1_ntial function of the altltud._ H:

p =

: ;here p is the density at height H and Po is the density at sea

level. Equation (4.31) can be ._ritten
7

1 P :_ •

then

Oo

d_n -- _ -

k Im m _

_< dH

7knce, k is the ne_,tve of the slope of t_e curve _.nO_ va. I4. _
:-i. PO ?

g_

\

I.O£KHMMO

f

/,

l
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@
IV-C : RELIEF DISPLACEMENT

L

i
The geographic location of an object is its positl_- _roJected i

along a radius onto the reference spheroid_ If the reference .3pheroid i

{

possessed no relief, then e_tery object would be viewed in its true i
i

location, regardless of the perspectlve. In the case of the Earth, {
{
t

relief features of the continental areas generally lie above sea level
i
!

and are not Viewed in their true location except from directly over- .I

head.

• - ,2,

The following procedure assumes that the coordinates of the -.

object have been de+ermlned relative to a sp_erlcal Earth, and that a

correction is desired to account forrelief _'_isplacement. The coor- -

dinates-;of the object are referred to a'coordinate system whose origin

is the exposure station. The Z axis is vertical and the Y_axis lies in

the principal plane. It is £urther assumed that the elevation of the

object, h, is known or has been estimated.
:

The angle 6, which is the vertical angle between the rsy from

the object and the plumb llne t_' the exposure station, is found as'

shown in Fig. 4.4

6 = tan "l ,_ + _ . (4°22)
. Z

* Reprinted from Merifield (1963).
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The reciprocal of F_I° (4.32) is known in atmospheric st,.'diesas the

scale height lts, given by

RT
H -

where R is the universal gas constant, T the absolute temper:,ture, :

g the acceleration of gravity, and M the mean molecular Might of

the atmospheric molecules. Scale height therefore depends on the accel-
:

eration of gravity, molecular veight, and temperature - all of which

-_ vary with altitude. Since 99 percent of the atmosphere lles below the

altitude of i00,OO0 feet, most of the refraction takes place inthis

T

" region % Follovlng the assumption that the index of refraction is pro-

[ ,

,_'+.'_or_l to density, a value for the scale height weighted by the

density w_s determined for the region below iOO,000 feet. For each

5000-foOt interval_ the medial values for the density and scale height :
2

were chosen from the tables of the ARDC Model Atmosphere (Minzner e__tal,
" p

1959). For examPle.., for the interval between 15,000 feet and20,O00

feet, the values Of p a_.d H given for 17,5OO feet were used. This

is believed justified, since for intervals as small as 5000 feet_ the

relations are nearl2 linear. The weighted average H was th_.n calcu --

- lated :from

S _

yielding a value of 2k.O3 x i0- feet, whence
g

w
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x 4.16 x -5 feet -xk - H -
S

: With these assumptions, the index of refraction as a function of

H can be expressed as

!.'- 1 = (gts - l)e-kH (I_..33)

where _s is the index of refraction at H = O, and is equal to 1.00029

• (Handbook of Chemistry and____Physics). The "ones" enter into this equation

: _ because at H = O, _ =-_s and as H--.oo, _ --. 1. ;

If the atmosphere is considered to be composed 0f_a series of
C f

../ concentric shells, therelationship of the angles of "refraction between

i successive lairs is given by the law of refraction for spherical sur-

faces 3 --

_ " r_o zin _o- = rill sin ii ,. (4.34)

where
P

_ r = the distance from the Center-ofthe Earth to the camera

= r +n

j _- = the index of refraction.at the camera -
O

i

= unity at satellite altitudes _

! ; ic = the angle between the vertical and the ray entering the

camera ., -_

i j,j ,- .

!1 ,. LOCKHEED _ ,.

]96600288]-] 06



I_ 17491
Page 103

Accordingly, ri, _i and ii are the radial distance, index of ref':ac-

tion; and angle of the light ray to the vertical for the ith layer of

the atmosphere. Expressing the index of refraction as a function of r,

the quantity r _( "_r)_In i remains constant along the ray of light. Thus

we have

• r_o _in i°
sin i = • (4.35)

r_

The "slope" of the curve r = r(_) in polar coordinates {see Fig. 4.9)
t

is .

tan c_ 2 i dr
r e_ "" (4.36) "

3

If the curve r(_) is the path of the light ray, then

L

= 90 - I -

_ and
b_

tan ff = c_. i : . _

But
/,

cot i = (sin-2i _l)g-- ,

_, ° u

hence, from Eqs. (4.35) and (b,.36)

I(>il'I
. . ½
i dr r_

- . (I_.37)
_ • _ . r d_,. r 0 sin i ° . _,_

.(
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Separating variables, the polar angle _o at which the light ray

emanating at r = r + H intersects the Earth's surface (r = r )
0 C 0 C

is obtained by integration:

C
I

dr

: . (4.38) '

*o r_(r) R _ :
: r -

r tL sin i
r+H oo o ,.

3 0

On the other hand, the direct rectilinear ray at angle io. intersects - .

the Nm-th's surface at an angle Os given-by

: sin-1 _ . o .,sin i " i (4.39)
% = rc o o

: and the desired distance can be found by integrating Eq. (4.38) numer- :

; ically and subtracting it from _s in Eq./(4.39).
. S

With_ _(r) -and _o differing only slightly,_ the difference i

-' (_S - _o ) is the difference of two large quantities, which is disadvan-
3 j

tageous from the .point of view of computation. This can be circumvented

_, by observing that _% is the identical _integral Eq. (4.38) for _ = _o" L

since for _o = constant' thelight ray is a straight line. Hence, .the, ,, ,

' desired quantity is

,)

LOCK Hme_D _, - -
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r +H

f _(r) -_ 2
X dr

_'s-_o = r_oSin i - 1 r sin i - i -- .O O O r

r
c (4._0)

Since #(r) and _o differ only slightly, the square root is developed

to the first power in (_ - _o ) and Eq. (4.40) becomes

r +H
C O

1 rib(r) - _o]dr
.; , - = - (_._,i)

; 's _o # ro2 sin2io r 2 "_ 1 2

:- r°sin io/
rc_ .,

- : _ An: exponential law for _(r) is adopted, Eq. (_.33), and _o

is taken as unity. Fu1_hermore, the dimensionless height h = _ is
• r c

introduced; then r = r (i + h), and Eq. (4._i)becomes

2

" h
_ o

_ (% -i) (i+,h)e-k%h-

_ _ %-_o = "( -+ ho)2Sin2io ..... dh
' 1 +h 2 "

_@ " (1 + ho)sln i0 .
_'; o

_ t (h.._2)

_ The important Contribugions to the integral stem from heights where the

density is large, i.e., close to the Earth's surface. Consequently,

good accuracy is obtained by developing the three-halvesroot in Eq" -

(4.42) to the first power in h as long _S i is not close to 90°;

• q
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Eq. (4.42) then becomes

h
O

_s_@ ° o (l+h)e-krc h i 3hotan2i ° .
cos2i

c°S3io o
O

(4.43)

The integral is of the fo1_n fxeaXdx, which can
be evaluated in closed

form. In general the altitude of the Ca_-_ra (%) is large con..jared_

to the scale height (Hs) and the e_ _onentials e-ao/Ms are then

negligible; the distance of image / )laceme_t D is then

l Cl o sini[3hotn io2 1D =_rc(¢s-#o)= o i - . _
k cos3i ° c

For example: for H - I00 miles and i = 60°, the displacement D is i
O O i

approximately 61 feet. Examination of the formula shows that the dis- _!

placement becomes large only when i° is large. But in measurements i

with oblique photographs, points making an angle of greater tlma 60° _

with the vertical from the camera station are not of interest because

these points are near the horizon and are not readily identifiable ,owing

to foreshortening and. atmospheric haze. In general, it can be said that

for.the precision with which we are concerned (i-2 kin), atmospheric re-

fl-action may be neglected..

J ,,

, ,0,2 _-
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APPenDIX 'o

C_R PROGRAM OF

. :, -, : THE LEI4_ANMETHOD
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S_tAEY FLOW DIA_J_M OF THE bEHMAN METHOD OF

PHGTW_APHIC ORIENTATION

Given"

pl = Effective focal length, (corrected for print enlargement)

I = Space coordinates of three ground control points

(J = A, B, C; _ = x, y, z, the origin is at A,

the lowest of the three objects, and +x points east

with +y pointing north. )

7
lJ = Distances between the three control points on the photo,

; (i, j = a, b, c).

ip = Distance_ between the three control points and _he

i principal point of the photo.
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a_,_bp cp
A i | lJ

iL2 JL------aL -.-...--cos iLJ = + 2 ..--cos aLb

pl-, iL2= ip2+pl2 .----b T,---.,, - ij2/2iLJL -- cos aLc _-

------cL _ -- cos bLc,

A B C

A_ 4 II , r I i I

A%

_, , . , .....
A B C AL BL CL

Y Y Y //f/// I-
t

m

_ L L g

, cosiL_

oo.-_(v_) i -o%.v:-))
t

LOCKH_a=

mm_lm mmmm!mmmmmo_mm real'uNto m mmmm ,,- mmmmm i mm _m _ mmmmmm,g mmm ,_ _ m_
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